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We have used a focal infectivity method to quantitatively analyze the CD4, CXCR-4, and CCR-5 dependen-
cies for infections by diverse primary patient (PR) and laboratory-adapted (LA) isolates of human immuno-
deficiency virus type 1 (HIV-1). Infectivities of T-cell-tropic viruses were analyzed in a panel of HeLa-CD4 cell
clones that have distinct quantities of CD4 and in human astroglioma US7MG-CD4 cells that express a large
quantity of CD4 and become highly susceptible to infection after transfection with a CXCR-4 expression vector.
The latter analysis indicated that PR as well as LA T-cell-tropic viruses efficiently employ CXCR-4 as a
coreceptor in an optimal human cell line that contains abundant CD4. Previous uncertainties regarding
coreceptor usage by PR T-cell-tropic HIV-1 isolates may therefore have derived from the assay conditions. As
reported previously, unrelated LA and PR T-cell-tropic HIV-1 isolates differ in infectivities for the HeLa-CD4
clonal panel, with LA viruses infecting all clones equally and PR viruses infecting the clones in proportion to
cellular CD4 quantities (D. Kabat, S. L. Kozak, K. Wherly, and B. Chesebro, J. Virol. 68:2570-2577, 1994). To
analyze the basis for this difference, we used the HeLa-CD4 panel to compare a molecularly cloned T-cell-tropic
PR virus (ELI1) with six of its variants that grow to different extents in CD4-positive leukemic cell lines and
that differ only at specific positions in their gp120 and gp41 envelope glycoproteins. All mutations in gp120 or
gp41 that contributed to laboratory adaptation preferentially enhanced infectivity for cells that had little CD4
and thereby decreased the CD4 dependencies of the infections. There was a close correlation between abilities
of T-cell-tropic ELI viruses to grow in an expanded repertoire of leukemic cell lines, the reduced CD4
dependencies of their infections of the HeLa-CD4 panel, and their sensitivities to inactivation by soluble CD4
(sCD4). Since all of the ELI viruses can efficiently use CXCR-4 as a coreceptor, we conclude that an increase
in viral affinity for CD4 rather than a switch in coreceptor specificity is principally responsible for laboratory
adaption of T-cell-tropic HIV-1. Syncytium-inducing activities of the ELI viruses, especially when analyzed on
cells with low amounts of CD4, were also highly correlated with their laboratory-adapted properties. Results
with macrophage-tropic HIV-1 were strikingly different in both coreceptor and CD4 dependencies. When
assayed in HeLa-CD4 cells transfected with an expression vector for CCR-5, macrophage-tropic HIV-1 isolates
that had been molecularly cloned shortly after removal from patients were equally infectious for cells that had
low or high CD4 quantities. Moreover, despite their substantial infectivities for cells that had only a trace of
CD4, macrophage-tropic isolates were relatively resistant to inactivation by sCD4. We conclude that T-cell-
tropic PR viruses bind weakly to CD4 and preferentially infect cells that coexpress CXCR-4 and large amounts
of CD4. Their laboratory adaptation involves corresponding increases in affinities for CD4 and in abilities to
infect cells that have relatively little CD4. In contrast, macrophage-tropic HIV-1 appears to interact weakly
with CD4 although it can infect cells that coexpress CCR-5 and small quantities of CD4. We propose that
cooperative binding of macrophage-tropic HIV-1 onto CCR-5 and CD4 may enhance virus adsorption and
infectivity for cells that have only a trace of CD4.

A major complication in understanding the role of human
immunodeficiency virus type 1 (HIV-1) in AIDS derives from
the enormous diversity of viruses in single patients and from
striking differences in envelope glycoproteins and cellular tro-
pisms of virus isolates (9, 20, 29, 47). Early in infection, nearly
all HIV-1 is non-syncytium inducing (NSI) in peripheral blood
mononuclear cultures (PBMCs) and is able to replicate in
macrophages as well as in CD4-positive T cells (58, 61, 64, 65).
The latter viruses are classified as macrophage tropic. Late in
disease as the immune system degenerates, T-cell-tropic vi-
ruses that cannot grow well in macrophages cultured in stan-
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dard conditions and that usually are syncytium inducing (SI)
become more prevalent, and some of these can also grow in a
few CD4-positive leukemic cell lines (4, 31, 52, 55, 56, 58).
These primary patient (PR) T-cell-tropic viruses often mutate
after several weeks in cultures to form more rapidly replicating
and therefore more widely used laboratory-adapted (LA) vari-
ants (44, 57, 62). Recently, it has become evident that LA
isolates differ substantially from their progenitor patient vi-
ruses. LA isolates grow in an expanded repertoire of CD4-
positive leukemic cell lines (41) and are much more sensitive to
inactivations by soluble CD4 (sCD4) and by many monoclonal
antibodies that react with gp120-gp41 envelope glycoprotein
complexes (14, 31, 34, 36, 41, 53).

All known HIV-1 isolates can use CD4 as a receptor, but
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some cells that lack CD4 can be infected (40, 54). In addition,
coreceptors are also necessary for HIV-1 infections (3, 12,
15-17, 19). Recent studies have indicated that macrophage-
tropic viruses employ CC chemokine receptor 5 (CCR-5) as a
principal coreceptor (3, 12, 15-17), although several of these
viruses can also less efficiently use CCR-3, which occurs prin-
cipally in eosinophils and is absent from lymphocytes (12). In
contrast, LA T-cell-tropic viruses can employ the CXC chemo-
kine receptor 4/fusin/LESTR (CXCR-4) (19). It is not yet
certain whether CCR-5 is the only coreceptor in macrophages
for macrophage-tropic HIV-1 (51). Moreover, previous studies
have not established the coreceptor specificities of PR T-cell-
tropic viruses. It has been reported that one T-cell-tropic PR
virus (ELI1) could only weakly employ either CXCR-4 or
CCR-3 (12). Conceivably, the previous deficiencies in analysis
of T-cell-tropic PR viruses could derive from their low infec-
tivities for most cell lines (4, 41, 44). Alternatively, they could
possibly employ an unidentified coreceptor.

Differences in sCD4 sensitivities of LA and PR viruses have
been extensively analyzed (14, 35, 37, 43). It appears that LA
viruses are much more sensitive to inactivation by sCD4 at
37°C and that sCD4 induces a loosening of gp120-gp41 asso-
ciations that can result in gp120 shedding from virions (35, 38,
39) and in exposure of previously shielded epitopes in these
glycoproteins (48-50). In addition, LA virions often spontane-
ously shed gp120 even in the absence of sCD4 at a faster rate
than PR virions (33, 35, 41, 60). Although gp120s extracted
from LA and PR virions do not uniformly differ in sCD4
affinities (36, 37, 57), some evidence has suggested that sCD4
affinities of virion-associated gp120 are much lower for PR
viruses than for LA viruses (37). These results have implied
that gp120-gp41 bonds are tighter in PR viruses and that these
bonds shield gp120 and gp41 epitopes and constrain the CD4
binding site of gp120, resulting in virions that have low affin-
ities for sCD4 and reduced reactivities with inactivating anti-
bodies (5, 37, 60, 63).

Previously, we studied T-cell-tropic HIV-1 infections by us-
ing a panel of HeLa-CD4 cell clones that differs by 2 orders of
magnitude in cell surface densities of CD4 (26). Interestingly,
we found that LA viruses are equally infectious for cells with
trace or large amounts of CD4, whereas PR viruses infect the
cell clones approximately in proportion to CD4 levels (26).
Furthermore, infections by both LA and PR viruses appeared
to be limited by an inefficient adsorption process. As shown by
serial transfers of virus-containing medium onto replica cul-
tures, the infectious titers were only slightly reduced by 2-h
incubations with even large numbers of CD4-positive cells, and
most of the potentially infectious virus eventually was elimi-
nated from the medium by spontaneous inactivation rather
than by cellular adsorption (26, 45). These results suggested
that factors which would increase virus adsorption onto cul-
tured cells would enhance growth of HIV-1 and that LA viri-
ons may have been selected for higher CD4 affinities.

A deficiency in our previous analysis of the HeLa-CD4 panel
derived from use of unrelated LA and PR viruses that presum-
ably differed throughout their genomes. This prevented map-
ping of viral sequences critical for infection of the HeLa-CD4
panel and precluded molecular level analysis of the factors that
control adsorption and infection of T-cell-tropic LA and PR
viruses. To address these issues, we have now used the HeLa-
CD4 panel to analyze a molecularly cloned infectious T-cell-
tropic PR virus and six of its LA variants that can grow to
different extents in CD4-positive cell lines and that differ only
at known positions in their envelope glycoprotein sequences
(22, 60). Our results confirm the previous report (26), establish
that env gene mutations are responsible for the differences in
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infectivity of these viruses on the HeLa-CD4 cell panel, and
suggest that laboratory adaptation can occur in a graded man-
ner by a series of mutations that cause incremental increases in
viral affinities for cellular CD4. In addition, we have developed
sensitive quantitative methods to measure coreceptor activities
and have analyzed the coreceptor specificities and CD4 depen-
dencies of diverse HIV-1 isolates.

MATERIALS AND METHODS

Cells and viruses. HeLa cells and HeLa clones expressing different levels of
CD4 were maintained in Dulbecco’s modified Eagle’s medium (DMEM) with
10% fetal bovine serum. The clone abbreviations and their relative fluorescence
units for CD4 expression are as follows: HI-R, 14; HI-Q, 25; HI-K, 71; HI-P, 128;
and HI-J, 234 (26). African green monkey CV-1 cells and human astroglioma
US8TMG cells were from the American Type Culture Collection (Rockville, Md.)
and were maintained in DMEM and in minimal essential medium with 10% fetal
bovine serum, respectively. They were made CD4 positive by transduction with
the SFF-CD4 retroviral vector as described previously (26). A clone of CD4-
positive CV-1 cells was isolated, whereas the US7MG-CD4 cells used were a
population that was approximately 80% CD4 positive, with approximately half of
the latter being high expressers as seen by immunofluorescence microscopy.
Wild-type ELI1 and its mutant derivatives ELI2, ELI3, ELI4, ELIS, and ELI6
have been described elsewhere (22, 44, 60). The plasmid for the ELI7 mutant was
constructed by substituting the region that contains the gp41 leucine zipper
mutation (E49G) present in variants ELI3 and ELI4 for the corresponding
wild-type region of ELI1. Stocks of these viruses were prepared by transfecting
HelLa cells with full-length proviral DNA by the calcium phosphate precipitation
method (24). Culture media were collected 72 h after transfection, passed
through a filter (0.45-pum pore size), aliquoted, and stored at —80°C. Virus stocks
from an early passage of the PR isolate 208K4 (K4) and a stock of the LA isolate
NLA4-3 were generous gifts of Bruce Chesebro (Rocky Mountain Laboratories,
Hamilton, Mont.) and were previously described (26). The latter viruses were
amplified by brief passage in fresh phytohemagglutinin-stimulated PBMCs. The
K4 and NL4-3 viruses were harvested at the peaks of reverse transcriptase
activity at day 7. Macrophage-tropic HIV-1 JR-FL and SF162 were obtained
from the AIDS Research and Reference Reagent Program, Division of AIDS,
National Institute of Allergy and Infectious Diseases, National Institutes of
Health (NIH) (contributed by Irvin Chen and Jay Levy, respectively). They were
grown in PBMC cultures and were harvested from the medium at the peak times
of reverse transcription release.

Coreceptor expression. Plasmids encoding CXCR-4 (pcDNA3-LESTR) and
CCR-5 (pcDNA3.1-CKR5) were generously provided by Marcel Loetscher (The-
odor Kocher Institute, University of Bern, Bern, Switzerland) and John Moore
(Aaron Diamond Research Center, New York, N.Y.), respectively. Coreceptor
functions were assayed both in transiently transfected cells and in stably trans-
fected cells after selection with G418 (Sigma, St. Louis, Mo.). Calcium phosphate
transfections were used for CV-1-CD4 and HeLa-CD4 cells, whereas lipofec-
tions with DOTAP (Boehringer Mannheim, GmbH, Mannheim, Germany) were
used for USTMG-CD4 cells. In addition, HeLa-CD4 cells (clone HI-J) stably
expressing CCR-5 were produced by transduction with the SFF-CCRS retroviral
vector (28) and were highly susceptible to macrophage-tropic viruses.

Assays for virus infectivity and sensitivity to sCD4. Infectivities of viruses on
the HeLa-CD4 panel were analyzed by the focal infectivity method (11). Briefly,
HeLa-CD4 clonal cells (5 X 10°) were plated in a 1-cm? well of a 48-well culture
plate the day before infection. The cells were pretreated with DEAE-dextran (8
wg/ml; Sigma) in serum-free medium at 37°C for 20 min. The cells were washed
once in serum-free medium and then incubated with virus (0.1 ml) at 37°C for
2 h. The viruses were diluted with DMEM with 0.1% fetal bovine serum. The
ELI viruses were diluted to the same extent within any single experiment. The K4
and NL4-3 viruses were diluted to give similar relative titers when used to infect
HeLa-CD4 clones that have high levels of CD4 expression. After incubations, the
viruses were removed, and the cells were incubated with fresh medium at 37°C
for 3 days. The cells were fixed in ethanol, and foci of infection were detected
following subsequent incubations with HIV immunoglobulin (human) (obtained
through the NIH AIDS Research and Reference Reagent Program [contributed
by Alfred Prince]), peroxidase-conjugated goat anti-human immunoglobulin G
(IgG) (Organon Teknika Corp., Westchester, Pa.), and a substrate solution of
3-amino-9-ethylcarbazole (Sigma). Recombinant sCD4 was obtained through the
NIH AIDS Research and Reference Reagent Program (contributed by Ray
Sweet). Virus was preincubated with various concentrations of sCD4 at 37°C for
15 min and was then used to infect the HeLa-CD4 cell clone HI-J. To test
coreceptor dependencies for infections by HIV-1 isolates, both CXCR-4-express-
ing US7MG-CD4 and CCR-5-expressing HI-J cells were seeded at 48 h post-
transfection. These seedings were at 2 X 10* or 1 X 10* cells/2-cm? well of a
24-well culture plate for US7MG-CD4 and HI-J cells, respectively. Assays were
performed as described above except that 0.2 ml of diluted virus was used for
infections.
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TABLE 1. Characteristics of wild-type ELI1 and its variants
Mutation(s) in env” Relative susceptibility? S, Expanded tropism’

Virus” Derivation® to sCD4-induced Rfe lég\;‘elbgd];g

2p120 apdl p120 shedding of CD4-IgG (%) U937 CEM H9
ELI1 Wild type - 6+2 - - -
ELI2 M7V By adaptation + 29+ 8 - ++ ++
ELI3 M7V, E49G By adaptation + ND# - ++ ++
ELI4 G427R M7V, E49G By adaptation +++++ ND ++ +++ +++
ELI5 G427R By mutagenesis +++ 344 - ++ ++
ELI6 G427R M7V By mutagenesis +++++ 56 £ 13 ++ +++ +++

and adaptation

ELI7 E49G By mutagenesis ND ND - - -

“ Wild-type ELI1 virus and the variant viruses ELI2 to ELI7 were produced by proviral DNA transfection of HeLa cells as described in Materials and Methods.

® The mutation in gp120 (G427R) occurs in the C4 domain in a region implicated in the binding of gp120 to CD4. The M7V and E49G mutations in gp41 occur in
regions found to be important for membrane fusion and in the leucine zipper motif, respectively (18, 21, 23). The a-helical leucine zipper structure has been shown
to be important for the oligomerization of gp120-gp41 (7, 46) and for membrane fusion (18, 59).

¢ ELII, the wild-type virus, was isolated as an infectious molecular clone from a patient with AIDS (2, 44). This PR isolate grew well in PBMCs but had a limited
ability to grow in CD4-positive cell lines. Infection of H9 cells by ELI1 resulted in high levels of virus replication only after a delay of more than 25 days. Virus that
emerged from this infected H9 culture had an expanded host range and was able to infect, without a delay, T-cell lines H9 and CEM and the promonocytic cell line
U937. DNA isolated from infected cells was PCR amplified, and mutations in the gp120 and gp41 genes were identified by sequencing. These PCR products were
molecularly cloned into the wild-type ELI1 backbone to produce variants ELI2, ELI3, and ELI4. These are considered to be LA variants because they arose during
the growth in cell culture that resulted in expanded tropism. Variants ELIS, ELI6, and ELI7 were created by mutagenesis in order to isolate the contributions of each
mutation. ELI6 was subsequently found to also be the major adapted variant selected in U937 cells (60).

4 Previous analysis showed that the mutations present in ELI2, ELIS5, and ELI6 caused increased sensitivity to sCD4-IgG-induced gp120 shedding compared to
wild-type ELI1. This increased sensitivity was apparent when assayed at both 4 and 37°C (60, 60a).

¢ Variants ELI2, ELIS5, and ELI6 were compared with the wild type for the ability of their virion-associated gp120 to bind CD4-IgG as previously reported (60).
Viruses were incubated with CD4-IgG (500 nM) at 0°C for 1 h, and the percentage of virion gp120 associated with CD4-IgG was determined.

fViruses were tested for their abilities to productively infect and to rapidly achieve high levels of replication in the T-cell lines H9 and CEM as well as the
promonocytic cell line U937 (22, 60). Tropism was described as being negative (—) if there was no significant peak of reverse transcriptase activity after extensive time

in culture. ELI1 and all of the variants were able to infect and replicate in PBMCs.

&ND, not done.

RESULTS

Properties of ELI1 virus and its LA variants. ELI1 virus was
previously isolated as an infectious molecular clone from
plasma of a patient with AIDS after brief expansion in PBMCs
(2, 44); it was later used to isolate the LA variants ELI2, ELI3,
and ELI4 that grew more efficiently in CD4-positive cell lines
(22). The env genes of these LA variants were isolated by PCR
and were exchanged for the env gene of the parental ELI1
molecular clone (22). Because these viruses had several amino
acid substitutions in gp120 and gp41, the mutants ELI5, ELI6,
and ELI7 were constructed in order to discriminate between
the influences of the individual mutations. These full-length
proviral DNAs were then transfected into HeLa cells and the
rescued viruses were characterized (60), as summarized in Ta-
ble 1. In general, the mutant viruses showed a variably ex-
panded tropism for CD4-positive leukemic cell lines and cor-
respondingly enhanced susceptibilities to sCD4-induced
shedding of gp120. Parental ELI1 virus and its variants con-
tained similar amounts of properly processed gp120-gp41 gly-
coproteins (60). It is noteworthy that ELI1 caused syncytium
formation in PBMC cultures, consistent with some other T-
cell-tropic PR viruses from patients with advanced AIDS (44,
55, 56), and that it also grew in Jurkat and MT-4 cells. How-
ever, as shown below, ELI1 virus is much less syncytium in-
ducing than its most highly adapted variants.

Infectivities of PR and LA ELI viruses for the HeLa-CD4
panel. In parallel with investigations of the ELI viruses, we
analyzed the prototypic T-cell-tropic PR and LA viruses K4
and NL4-3, respectively, which have been previously described
(1, 26). This provided an internal control for each experiment
and a reference for quantitatively interpreting the ELI results.
Figure 1 shows a quantitative analysis (using the immunoper-
oxidase staining focal infectivity assay [11]) of K4 and NL4-3
virus infections of the HeLa-CD4 panel. Infectivity of PR K4
virus is strongly dependent on CD4 levels of the cells, whereas

LA NLA4-3 virus infects the clones independently of their CD4
contents above a low trace threshold. Infectious titers of all
viruses used in this study were greatly enhanced (approximate-
ly 10-fold) by preincubation of the HeLa-CD4 cells with 8 g
of DEAE-dextran per ml, but this did not alter the relative
infectivities of any virus for different clones of the HeLa-CD4
cell panel. Thus, the LA and PR titration patterns were unaf-
fected by DEAE-dextran.

Each ELI virus was produced by transfecting its full-length
proviral DNA into HeLa cells and by subsequently recovering
virus from the culture medium. Figure 2 shows the infectivities
of each ELI virus for different clones of the HeLa-CD4 panel.
Interestingly, parental ELI1 virus titrates indistinguishably
from the prototypic K4 PR virus, whereas the LA variants
ELI4 and ELI6 titrate similarly to the LA virus NL4-3. Al-
though ELI2, ELI3, and ELI7 appear to titrate similarly to the
PR ELI1 virus, ELI2 seems to be intermediate. Five indepen-
dent experiments showed that ELI2 is reproducibly at least five
times more infectious than ELI1 for HeLa-CD4 clones that
have very low CD4 levels, whereas the two viruses are equally
infectious on cells with high CD4 levels. This difference be-
tween ELI1 and ELI2 is reflected in the best-fit equations for
the lines in Fig. 2, which showed the extrapolated intercepts on
the infectivity axis to be 8§ and 170 for ELI1 and ELI2, respec-
tively. ELIS also titrates on the HeLa-CD4 panel in an inter-
mediate manner, with a slight degree of CD4 dependence.
Similar data were obtained for ELI viruses that had been
produced from PBMCs rather than from HeLa cells. These
results imply that the individual mutations that contribute to
laboratory adaptation have different quantitative effects on
CD4 dependence of viral infectivity and that full laboratory
adaptation may involve additive effects of several mutations
(see Discussion).

sCD4 sensitivity of these PR and LA viruses. Figure 3 shows
the sCD4 sensitivities of the prototypic PR K4 and LA NL4-3
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FIG. 1. PR and LA HIV isolates exhibit different infectivity patterns on a HeLa-CD4 panel. The PR isolate K4 and LA isolate NL4-3 were used to infect a panel
of HeLa-CD4 clones and were analyzed by the focal infectivity assay as described in Materials and Methods. The HeLa-CD4 clones and their relative CD4 fluorescent
(FL) units were as follows: HI-R, 14; HI-Q, 25; HI-K, 71; HI-P, 128; and HI-J, 234. LA NL4-3 virus (right) is equally infectious for cells that have low or high levels
of CD4. In contrast, the PR isolate K4 (left) infects the HeLa-CD4 clones in direct proportion to the level of cellular CD4. Each datum point is the mean of triplicate

determinations, and the error bars indicate standard errors of the means.

viruses and of ELI1 to ELI7. The viruses were all assayed on
the HI-J clone of HeLa-CD4 cells, which contains a large
quantity of CD4. The results correlate closely with the infec-
tivity data of Fig. 1 and 2. Thus, ELI4, ELIS, ELI6, and NL4-3
appear to be sCD4 sensitive. ELI2 has an intermediate sensi-
tivity, and ELI1, ELI3, and K4 are resistant to sCD4. Although
ELI7 is substantially resistant, it appears to be slightly more
sensitive than the PR ELI1 virus.

Syncytium-inducing properties of ELI viruses. HIV-1 iso-
lates are often classified as SI or NSI based on their effects in
PBMC cultures (55, 56), and the ELI1 parental virus is clearly
SI by this criterion. However, in this study we were able to
observe the immunoperoxidase-labeled foci of infection by
ELI viruses and to score these foci for numbers of syncytia and
for average numbers of nuclei per syncytium as a function of
CD#4 levels in the HeLa-CD4 clonal panel. When the viruses
were titered on HeLa-CD4 cells that had very high CD4 levels,

most of the foci of infection contained syncytia. However, as
shown by the data in Table 2, when the assays were done on
cells with a low CD4 level (i.e., clone HI-R), the fraction of foci
that contained syncytia differed dramatically for the different
ELI viruses and was strongly correlated with the degree of
laboratory adaptation and of sCD4 sensitivity of these viruses.
Thus, ELI2, ELI4, ELI5, and ELI6 viruses were much more
syncytium inducing than ELI1, ELI3, or ELI7. However, ELI7
virus was clearly anomalous because it was much less syncytium
inducing than ELI1, not only in HeLa-CD4 cells but also in
PBMCs. Indeed, in PBMCs ELI7 was NSI, although it grew
well in the cultures.

CD4 and CCR-5 dependencies of infections by macrophage-
tropic HIV-1. Transfections of pcDNA3.1-CKRS into HeLa-
CD4 cells (clone HI-J) resulted in susceptibility to infection by
the JR-FL and SF162 macrophage-tropic isolates of HIV-1, as
detected by the focal infectivity method (Fig. 4), but reproduc-
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FIG. 2. Infectivities of ELI1 virus and its variants on the HeLa-CD4 panel. The ELI viruses described in Table 1 were used to infect HeLa-CD4 clones and were
analyzed by the focal infectivity assay. Each datum point is the mean of triplicate determinations, and the error bars indicate standard errors of the means. FL,

fluorescence.
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FIG. 3. Sensitivities of PR and LA T-cell-tropic HIV-1 to sCD4. The viruses were preincubated with various concentrations of sCD4 at 37°C for 15 min before
infection of the HeLLa-CD4 clone HI-J that expresses a large amount of CD4. Infections were quantitatively analyzed by the focal infectivity assay and are expressed
as the relative number of foci, with the number of foci without sCD4 being equal to 1.0.

ibly did not alter the titers obtained for the LA and PR T-cell-
tropic viruses NL4-3 and ELI1, respectively. Although most
foci of macrophage-tropic HIV-1 infections contained only
single cells that contained HIV-1 antigens, small syncytia were
also observed. No infection by macrophage-tropic HIV-1 oc-
curred in untransfected HeLa-CD4 cells or in HeLa-CD4 cells
that were transfected with pcDNA3-LESTR (data not shown).

By performing this same analysis with HeLa-CD4 clones
that express distinct amounts of CD4, we were able to deter-
mine the CD4 dependencies for infectivity by macrophage-
tropic isolates of HIV-1. As shown in Table 3, transfection of
the HeLa-CD4 clones with pcDNA3.1-CKR5 was absolutely
required for susceptibility to the macrophage-tropic HIV-1
isolates JR-FL and SF162 but had no effect on infectivities of
the T-cell-tropic viruses. Although the derivations of the
JR-FL and SF162 viruses suggest that they are PR isolates (8,
27), their titers on the three HeLa-CD4 clones used in Table 3
were reproducibly identical within experimental error. In con-
trast, titers of the PR T-cell-tropic virus ELI1 were highly
dependent on cellular CD4 levels in the same experiment.
Consistent with Fig. 1, the titers of NL4-3 were independent of
CD4 levels.

The results presented above suggest that patient T-cell-
tropic viruses are highly dependent on cellular CD4 levels,
whereas the macrophage-tropic patient viruses appear less de-
pendent on CD4 and more able to infect cells that have low
amounts of CD4. However, it has been reported that macroph-
age-tropic viruses are substantially resistant to inactivation by
sCD4. As shown in Fig. 5, the macrophage-tropic HIV-1 grown

in our laboratory were also substantially more resistant to
sCD4 than the LA isolate NL4-3. However, as previously re-
ported, SF162 was approximately three to five times more
sensitive to sCD4 than JR-FL (25). For T-cell-tropic HIV-1,
there is a close correlation between CD4 dependency of infec-
tion and resistance to sCD4 (Fig. 1 to 3), but this does not
apply to macrophage-tropic viruses in the conditions of our
experiments.

CXCR-4 as an efficient coreceptor for PR and LA T-cell-
tropic HIV-1. To determine whether CXCR-4 could function
as a coreceptor for HIV-1 isolates, we prepared a clone of
monkey CV-1-CD4/CXCR-4 cells that had been stably trans-
fected with pcDNA3-LESTR. When these cells were tran-
siently transfected with full-length proviral DNAs for the ELI
viruses and for the LA NL4-3 virus, highly significant forma-
tion of syncytia occurred above background levels in all of the
cultures. This result suggested that CXCR-4 could mediate
membrane fusion reactions by all of our T-cell-tropic viruses.
Although the levels of syncytium formation were much lower
than the levels seen in similarly transfected HeLa-CD4 cul-
tures, this could conceivably have been caused by low trans-
fection efficiencies or proviral expression levels in the monkey
cells. We also infected the CV-1-CD4/CXCR-4 cultures with
samples of these same viruses and 72 h later identified the foci
of infection by immunoperoxidase staining. Although a few
infections were unambiguously seen in all of the cultures that
had been infected by our T-cell-tropic viruses, the titers were
approximately 15 to 100 times lower than the titers measured
on HeLa-CD4 cells (clone HI-J) (results not shown). It was

TABLE 2. Syncytium-inducing activities of ELI viruses

% of infected foci having syncytia (avg no. of nuclei/syncytium)”

Cell type®
(CD4 FL V) ELI1 ELI2 ELI3 ELI4 ELI5 ELI6 ELI7
HIR (14) 16 (4.3) 59 (5.6) 17 (4.3) 82 (8.4) 74 (6.3) 81(7.2) 2(3.8)
HI-Q (25) 24 (4.0) 67 (5.7) 26 (4.2) 84 (11.1) 89 (8.0) 83 (10.0) 7(3.4)
HIK (71) 50 (5.1) 74 (5.6) 46 (4.8) 78 (7.4) 84 (6.8) 86 (8.2) 7(3.5)

“ The HeLa-CD4 clones and their relative CD4 levels as determined by fluorescence (FL)-activated cell sorting analysis were previously described (26). These three
clones are the low and medium CD4-expressing clones used for titration of the viruses in the assays shown in Fig. 1 and 2.

b Plates of HeLa-CD4 clones that had been infected with the ELI viruses and analyzed by the focal infectivity assay shown in Fig. 2 were examined to determine the
syncytium-forming capabilities of the viruses. An infected focus was considered to be a syncytium if it had a multinucleated cell with three or more nuclei. Variants
ELI2, ELI4, ELIS, and ELI6 show an increased capacity to form syncytia on these HeLa-CD4 clones. ELI3 had syncytium-forming activity very similar to that of ELI1,
whereas ELI7 has a greatly diminished capacity to cause cell-cell fusion. The NSI phenotype of ELI7 was also noted during amplification of virus in PBMCs.
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previously reported that mink cells that coexpress CD4 and
CXCR-4 were also inefficiently infected (19).

To further address this issue, we prepared human astro-
glioma U87MG-CD#4 cells that stably express a high level of
CD4 (see Materials and Methods) and analyzed their infection
after transient transfection with pcDNA3-LESTR. U87MG-
CD#4 cells were chosen because of their reported resistance to

TABLE 3. Infectivities of macrophage-tropic and T-cell-tropic
isolates of HIV-1 in HeLa-CD4 cell clones transiently
expressing CCR-5

Cell type® Titer (no. of foci/2-cm? well)®

CCR-5"
(CD4 FL V) JR-FL SF126 ELI1 NL4-3
HI-R (14) + 116 146 26 1,957
HI-Q (25) + 130 170 31 1,883
HI-J (234) + 158 183 441 1,667
— 0 0 620 1,680

“ HeLa-CD4 clones and their relative CD4 levels as determined by fluores-
cence (FL)-activated cell sorting were previously described (21). HeLa-CD4
clones were made susceptible to infection by macrophage-tropic isolates of
HIV-1 by transient expression of CCR-5 as described in Materials and Methods.

b Cells were transfected with pcDNA3.1-CKRS or with a negative control
plasmid. Infectivities of macrophage-tropic isolate JR-FL and SF162 were com-
pletely dependent on CCR-5, whereas infectivities of T-cell-tropic HIV-1 were
unaffected by this coreceptor.

“Mean of duplicate assays. Macrophage-tropic HIV-1 strains JR-FL and
SF162 and T-cell-tropic isolates ELI1 and NL4-3 were propagated as described
in Materials and Methods.

L

FIG. 4. Immunoperoxide focal infectivity assays of infections by T-cell-tropic and macrophage-tropic HIV-1 in cells that express CXCR-4 and CCR-5, respectively.
Shown are CCR-5-expressing HeLa-CD4 cells (clone HI-J) infected with macrophage-tropic JR-FL virus (A) and untransfected HeLa-CD4 cells infected with the PR
T-cell-tropic ELI1 virus (B). Panels C and D show U87MG-CD4 cells expressing CXCR-4 that were infected with the LA T-cell-tropic NL4-3 virus and with the PR
T-cell-tropic K4 virus, respectively. HeLa-CD4 cells lacking CCR-5 were completely resistant to macrophage-tropic HIV-1, whereas USTMG-CD4 cells lacking CXCR-4
had only a few foci in a large well (Table 4) (results not shown). Cultures are shown at a magnification of X475.

HIV-1 (10). In this cell culture system, all of our T-cell-tropic
HIV-1 isolates were highly infectious and CXCR-4 dependent
(Table 4 and Fig. 4). Indeed, the titers were only slightly lower
than titers of the same virus samples assayed in HeLa-CD4
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FIG. 5. Sensitivities to sCD4 inactivation of macrophage-tropic and T-cell-
tropic HIV-1. The viruses were preincubated with the indicated concentrations
of sCD4 for 30 min prior to assay of residual infectivity on HeLa-CD4 cells
(clone HI-J). Infectivities for each virus sample relative to the control untreated
samples are indicated.
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TABLE 4. Infectivities of T-cell-tropic ELI, K4, and NL4-3 viruses
on U87MG-CD4 cells that were transiently expressing CXCR-4

Titer (no. of foci/2-cm? well)®
CXCR-4¢

ELI1 ELIZ ELI3 ELI4 ELI5S ELI6 ELI7 K4 NIL4-3

+ 72 310 321 329 507 691 134 241 735
- 0 2 1 3 2 2 2 1 0

“ CXCR-4 was transiently expressed in mixed population of U87MG-CD4
cells as described in Materials and Methods.

b Mean of duplicate assays. The titers (number of foci/2-cm? well) of these
same virus preparations assayed on the HI-J clone of HeLa-CD4 cells were as
follows: ELI1, 160; ELI2, 800; ELI3, 1,600; ELI4, 2,000; ELIS, 1,400; ELI6,
1,400; ELI7, 800; K4, 408; and NL4-3, 3,360.

(clone HI-J) cells. This similarity of titers was especially note-
worthy because the U§7TMG-CD4 cell population was hetero-
geneous and did not uniformly express the transiently trans-
fected pcDNA3-LESTR vector.

DISCUSSION

Efficient use of CXCR-4 as a coreceptor for PR and LA
T-cell-tropic HIV-1 and of CCR-5 by macrophage-tropic
HIV-1. Our results obtained by using an immunocytochemical
assay (11) confirm recent evidence that CXCR-4 can function
as a coreceptor for LA isolates of T-cell-tropic HIV-1 and that
CCR-5 can serve as the coreceptor for macrophage-tropic iso-
lates. Previous evidence for these conclusions relied on syncy-
tium assays, on expression levels of reporter genes such as the
luciferase or chloramphenicol acetyltransferase gene, or on
nonquantitative PCR-based assays (3, 12, 15, 16, 19). Because
promoters function with distinct efficiencies in different cells,
the previous reports could not provide quantitative compari-
sons of coreceptor activities in mediating infections of different
cells. The current studies suggest that CCR-5 can serve as an
efficient coreceptor for macrophage-tropic HIV-1 in HeLa-
CD4 cells (Table 3) and that CXCR-4 is an efficient coreceptor
for T-cell-tropic viruses in US7MG-CD4 cells (Table 4). In
contrast, however, monkey CV-1-CD4/CXCR-4 cells are 15 to
100 times less susceptible than HeLLa-CD4 cells to infections by
T-cell-tropic HIV-1. Moreover, our preliminary results suggest
that some cells specifically cannot mediate infections by mac-
rophage-tropic HIV-1 even if they coexpress CD4 and CCR-5
(results not shown). Studies will be needed to learn whether
cellular factors in addition to receptors and coreceptors are
required for HIV-1 infections.

An additional result of our investigation that was not estab-
lished by previous evidence is the efficient utilization of
CXCR-4 as a coreceptor for infections by PR T-cell-tropic
viruses as well as by their LA derivatives (Table 4). Since
infections by T-cell-tropic PR viruses are highly dependent on
CD4 contents of the cells (Fig. 1 and 2 and Table 3), successful
assay of these viruses required use of cells that had a high CD4
content and that were lacking endogenous CXCR-4. These
requirements were satisfied by use of human astroglioma
U87MG cells that we transduced to a high multiplicity with the
retroviral vector SFF-CD4 (26) (see Materials and Methods).
After transient transfection with pcDNA3-LESTR, this popu-
lation of US7MG-CD#4 cells became highly susceptible to in-
fections by PR as well as LA T-cell-tropic isolates of HIV-1
(Table 4). Indeed, the titers of these infections were only
several times lower than titers of the same viruses on HeLa-
CD#4 cells (clone HI-J) which contain uniformly high levels of
CD4 and CXCR-4. We infer that previous uncertainties con-
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cerning coreceptor utilization by PR T-cell-tropic HIV-1 may
have resulted from the assays used.

Mechanism of laboratory adaptation by T-cell-tropic HIV-1.
These studies of the PR T-cell-tropic virus ELI1 and its vari-
ants suggest that their distinct patterns of infectivity for the
HeLa-CD4 panel derive from differences in their gp120-gp41
glycoproteins and are caused by the primary mutational events
of laboratory adaptation. Although some mutations that occur
in the LA variants of ELI1 have only small effects on infectivity
for the panel, these mutations also have correspondingly slight
effects on viral tropism for CD4-positive leukemic cell lines
and on sCD#4 sensitivities of the viruses (Table 1 and Fig. 2 and
3). Moreover, combinations of mutations often had greater
effects than single mutations, suggesting that laboratory adap-
tation can involve a graded series of steps that have additive or
synergistic consequences.

It is instructive to consider the individual mutations that
have been implicated in laboratory adaptation of ELI1. The
G427R mutation in gp120 clearly has a strong effect on labo-
ratory adaptation, as evidenced both by infectivities for the
HeLa-CD4 panel (Fig. 2) and by its influence on sCD4 sensi-
tivity (Fig. 3). This substitution occurs in the C4 region of
gp120, which has been previously implicated as a contact site
for CD4 (13, 30, 42). The M7V mutation in the fusion peptide
region of gp41 (21, 23) contributes slightly to laboratory adap-
tation, as seen both by the reproducible increase in infectivity
of ELI2 compared with ELI1 for HeLa-CD4 clones with low
CD4 levels (e.g., Fig. 2) and by its effects on sCD4 sensitivity
(Fig. 3). Also, ELI6 has somewhat stronger LA characteristics
than ELIS, supporting the idea that M7V in gp4l can act
additively with G427R in gp120. The contributions of the M7V
mutation to infectivity on the HeLa-CD4 cell panel and to
sCD4 sensitivity suggest that this fusion peptide region can
interact at least indirectly with the CD4 binding site of gp120.
This is mechanistically reasonable because binding to CD4 is
believed to initiate a conformational change in the fusion pep-
tide region that enables it to interact with the cellular target
membrane (32, 48-50). Our results suggest a reciprocal influ-
ence of the fusion peptide sequence on the CD4 binding site,
as expected for an allosteric protein. The E49G mutation of
gp41 also contributes positively in some contexts to laboratory
adaptation. For example, ELI4 reproducibly appears some-
what less dependent on CD4 for infection of the HeLa-CD4
panel than ELI6 (e.g., Fig. 2). In addition, ELI7 appears to
have a slight sensitivity to sCD4. However, it is notable that
E49G has a weak influence in our assays and that it also
appears to have two countervailing properties. Specifically, in
the context of M7V, it seems to reduce the LA phenotype, as
seen by indications that ELI3 is more PR-like than ELI2 by all
criteria presented here and by the fact that ELI1 is more
syncytium inducing than ELI7 (Table 2). The E49G mutation
occurs in an amphipathic a-helical leucine zipper region of
gp41 that influences oligomerization of gp120-gp41 (6, 7, 46)
and is important for membrane fusion (18, 59). We conclude
that E49G has a strong inhibitory effect on membrane fusion
(Table 2). This inhibition is strong when E49G occurs alone in
an otherwise PR ELI1 glycoprotein (i.e., ELI1 is SI whereas
ELI7 is NSI), but it is negligible in an LA context (i.e., ELI4
and ELI6 are both strongly SI, and ELI3 and ELI2 are also
both clearly SI). A reasonable interpretation is that the E49G
leucine zipper mutation inhibits but does not block a confor-
mational switch that is needed for membrane fusion, and that
M7V and G427R facilitate the switch and thereby overcome
the E49G inhibitory effect.

Previous evidence suggests that adsorption onto cultured
cells is a limiting factor in infections by HIV-1 (26, 45). Con-
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sequently, the different infectivity patterns of PR and LA vi-
ruses on the HeLa-CD4 panel (Fig. 1 and 2) presumably reflect
a difference in the CD4 dependence for functional adsorption
of these viruses onto cell surfaces and a substantially increased
efficiency of attachment for LA viruses. Thus, we infer that LA
viruses may adsorb efficiently after contact with cell surfaces
that have only trace amounts of CD4, whereas PR viruses may
often escape from cells or become inactivated unless the sur-
face concentration of CD4 is very high. This could be due to a
slower rate of PR virus binding onto CD4 or to a more rapid
rate of its dissociation.

This study and previous evidence (22, 26, 35, 37) strongly
suggest that laboratory adaptation of T-cell-tropic HIV-1 prin-
cipally involves an increased ability of the virus to interact with
cell surface CD4 and sCD4, resulting in enhanced infectivity
for cultured cells that have a small amount of this receptor
(Fig. 1 to 3). Our evidence for efficient use of CXCR-4 but not
CCR-5 by all of the T-cell-tropic viruses that we studied (Ta-
bles 3 and 4) also strongly suggests that laboratory adaptation
of these viruses did not involve a complete switch in their
coreceptor specificities. Consistent with this interpretation, the
mutations in gpl20 and gp4l that contribute to laboratory
adaptation do not occur in the V3 loop of gp120 that has been
implicated in coreceptor specificity (12). We emphasize that
our results cannot exclude the possibility that LA viruses are
able to interact promiscuously with coreceptors in addition to
CXCR-4 or with other cell surface components that we have
not analyzed. However, it is notable that CCR-3, which has
also been implicated as an HIV-1 coreceptor (12), is believed
to be absent from HeLa cells, lymphocytes, and leukemic T
cells (12).

The expanded tropism of LA viruses for CD4-positive leu-
kemic T-cell lines is poorly understood. Abilities of viruses to
replicate in such suspension cultures is generally determined
by infecting the growing cells and by measuring production of
viral proteins or of infectious virions at intervals for several
weeks (22, 57, 62). This approach is different from assays such
as the focal infectivity assay on adherent monolayers of HeLa-
CD4 cells, which measure single cycles of infection (11). If any
virus was produced in a suspension culture in low yields or if its
efficiency of infection was lower than the cell growth rate, the
virus would be scored as nontropic. Since PR viruses infect
cultured cells relatively inefficiently, we believe that this could
explain their apparent lack of tropism for rapidly growing
leukemic T-cell lines despite their abilities to replicate in
slowly growing PBMCs.

Syncytium formation correlates with laboratory adaptation
and appears to be limited by gp120- and CD4-mediated adhe-
sion of cell surfaces. The PR virus ELI1 is clearly SI based on
the criterion that it induces syncytia in PBMC cultures. How-
ever, our analysis using the HeLLa-CD4 panel provides a more
systematic analysis of the syncytium-inducing properties of vi-
ruses. As shown in Table 2, when they are assayed in HeLa-
CD#4 cells that have high CD4 levels, all of the ELI viruses
cause some syncytia. However, in cells with low CD4 levels
(i.e., the HI-R clone), the ELI viruses differ dramatically in
syncytium-inducing capabilities, as seen by both numbers of
syncytia and average numbers of nuclei per syncytium. More-
over, their syncytium-inducing activities correlate closely with
their LA characteristics, as indicated by sCD4 sensitivities (Fig.
3), infectivities for the HeLa-CD4 panel (Fig. 2), and expanded
tropisms for CD4-positive cell lines (Table 1). However, ELI7
is less syncytium inducing than ELI1. This exception can be
explained because the mutation in ELI7 alters a fusogenic
leucine zipper region of gp41 (18, 59). A simple interpretation
of Table 2 is that laboratory adaptation involves an increased
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affinity of gp120-gp41 complexes for cell surface CD4, and that
syncytium formation is limited by gp120-gp41 glycoproteins on
one cell binding to CD4 on the surface of an adjacent unin-
fected cell.

CD4 requirements for infectivity by macrophage-tropic
HIV-1. For all known T-cell-tropic PR and LA isolates of
HIV-1, there is a very close correspondence between resistance
to inactivation by sCD4 and dependency of infectivity on cel-
lular CD4 concentrations (Fig. 1 to 3). This correspondence
suggests that these assays measure a common viral property.
Other evidence suggests that gp120-gp41 bonds may be tighter
in PR viruses and that these bonds constrain the CD4 binding
site of gp120 and contribute to sCD4 resistance and low affinity
for cellular CD4 (22). In contrast, this correspondence does
not apply to the macrophage-tropic viruses JR-FL and SF162,
which are partially or fully resistant to sCD4 but highly infec-
tious for HeLa-CD4/CCRS5 cells that have only small quantities
of CD4 (Table 3 and Fig. 5). Based on these results, we pro-
pose that macrophage-tropic viruses may bind strongly to
CCR-5 after weakly binding to CD4, and that this could en-
hance their adsorption and infectivity for cells that have only a
trace of CD4. This difference in CD4 dependency for infectiv-
ity of HIV-1 isolates is consistent with other evidence that
macrophage-tropic isolates efficiently infect cells that express
different quantities of CD4 (i.e., CD4-positive T cells and mac-
rophages), whereas PR T-cell-tropic viruses preferentially in-
fect mature T cells that express relatively high levels of CD4.

ACKNOWLEDGMENTS

The first two authors contributed equally to this work.

This research was supported by NIH grant CA67358. E.J.P. was
partially supported by an NRSA postdoctoral fellowship from the
NIH. N.M. was supported by a fellowship in hematology-oncology
from the NIH.

We are grateful to Jay Nelson for generous help during the initial
stages of this project and to John Moore (Aaron Diamond AIDS
Research Institute, New York, N.Y.) and Marcel Loetscher (Theodor
Kocher Institute, University of Bern, Bern, Switzerland) for rapidly
and graciously supplying plasmids that encode CCR5 and CXCR-4,
respectively. We are also grateful to our colleagues Chetankumar
Tailor, Esperanza Gomez-Lucia, and Shawn Kuhmann for help and
encouragement and to Shawn Kuhmann for constructing the retroviral
vector pSFF-CCRS.

REFERENCES

1. Adachi, A., H. E. Gendelman, S. Koenig, T. Folks, R. Willey, A. Rabson, and
M. A. Martin. 1986. Production of acquired immunodeficiency syndrome-
associated retrovirus in human and nonhuman cells transfected with an
infectious molecular clone. J. Virol. 59:284-291.

2. Alizon, M., S. Wain-Hobson, L. Montagnier, and P. Sonigo. 1986. Genetic
variability of the AIDS virus: nucleotide sequence analysis of two isolates
from African patients. Cell 46:63-74.

3. Alkhatib, G., C. Combadiere, C. C. Broder, Y. Feng, P. E. Kennedy, P. M.
Murphy, and E. A. Berger. 1996. CC CKRS: a RANTES, MIP-1a, MIP-1B
receptor as a fusion cofactor for macrophage-tropic HIV-1. Science 272:
1955-1958.

4. Asjo, B., L. Morfeldt-Ménson, J. Albert, G. Biberfeld, A. Karlsson, K. Lid-
man, and E. M. Fenyé. 1986. Replicative capacity of human immunodefi-
ciency virus from patients with varying severity of HIV infection. Lancet
ii:660-662.

5. Bou-Habib, D. C., G. Roderiquez, T. Oravecz, P. W. Berman, P. Lusso, and
M. A. Norcross. 1994. Cryptic nature of envelope V3 region epitopes pro-
tects primary monocytotropic human immunodeficiency virus type 1 from
antibody neutralization. J. Virol. 68:6006-6013.

6. Cao, J., L. Bergeron, E. Helseth, M. Thali, H. Repke, and J. Sodroski. 1993.
Effects of amino acid changes in the extracellular domain of the human
immunodeficiency virus type 1 gp41 envelope glycoprotein. J. Virol. 67:2747—
2755.

7. Chen, S. S.-L. 1994. Functional role of the zipper motif region of human
immunodeficiency virus type 1 transmembrane protein gp41. J. Virol. 68:
2002-2010.

8. Cheng-Mayer, C., and J. A. Levy. 1988. Distinct biological and serological



VoL. 71, 1997

10.

=3

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

properties of human immunodeficiency viruses from the brain. Ann. Neurol.
23(Suppl.):S58-S61.

. Cheng-Mayer, C., D. Seto, M. Tateno, and J. A. Levy. 1988. Biologic features

of HIV-1 that correlates with virulence in the host. Science 240:80-82.
Chesebro, B., R. Buller, J. Portis, and K. Wehrly. 1990. Failure of human
immunodeficiency virus entry and infection in CD4-positive human brain
and skin cells. J. Virol. 64:215-221.

Chesebro, B., and K. Wehrly. 1988. Development of a sensitive quantitative
focal assay for human immunodeficiency virus infectivity. J. Virol. 62:3779—
3788.

Choe, H., M. Farzan, Y. Sun, N. Sullivan, B. Rollins, P. D. Ponath, L. Wu,
C. R. Mackay, G. LaRosa, W. Newman, N. Gerard, C. Gerard, and J.
Sodroski. 1996. The B-chemokine receptors CCR3 and CCRS facilitate
infection by primary HIV-1 isolates. Cell 85:1135-1148.

Cordonnier, A., Y. Riviere, L. Montagnier, and M. Emerman. 1989. Effects
of mutations in hyperconserved regions of the extracellular glycoprotein of
human immunodeficiency virus type 1 on receptor binding. J. Virol. 63:4464—
4468.

Daar, E. S., L. X. Li, T. Moudgil, and D. D. Ho. 1990. High concentrations
of recombinant soluble CD4 are required to neutralize primary human
immunodeficiency virus type 1 isolates. Proc. Natl. Acad. Sci. USA 87:6574—
6578.

Deng, H., R. Liu, W. Ellmeier, S. Choe, D. Unutmaz, M. Burkhart, P.
DiMarzio, S. Marmon, R. E. Sutton, C. M. Hill, C. B. Davis, S. C. Peiper,
T. J. Schall, D. R. Littman, and N. R. Landau. 1996. Identification of a major
coreceptor for primary isolates of HIV-1. Nature 381:661-666.

Doranz, B. J., J. Rucker, Y. Yi, R. J. Smyth, M. Samson, S. C. Peiper, M.
Parmentier, R. G. Collman, and R. W. Doms. 1996. A dual-tropic primary
HIV-1 isolate that uses fusin and the B-chemokine receptors CKR-5, CKR-3,
and CKR-2b as fusion cofactors. Cell 85:1149-1158.

Dragic, T., V. Litwin, G. P. Allaway, S. R. Martin, Y. Huang, K. A. Na-
gashima, C. Cayanan, P. J. Maddon, R. A. Koup, J. P. Moore, and W. A.
Paxton. 1996. HIV-1 entry into CD4+ cells is mediated by the chemokine
receptor CC-CKR-5. Nature 381:667-673.

Dubay, J. W., S. L. Roberts, B. Brody, and E. Hunter. 1992. Mutations in the
leucine zipper of the human immunodeficiency virus type 1 transmembrane
glycoprotein affect fusion and infectivity. J. Virol. 66:4748-4756.

Feng, Y., C. C. Broder, P. E. Kennedy, and E. A. Berger. 1996. HIV-1 entry
cofactor: functional cDNA cloning of a seven-transmembrane, G protein-
coupled receptor. Science 272:872-877.

Fisher, A., B. Ensoli, D. Looney, A. Rose, R. C. Gallo, M. S. Saag, G. M.
Shaw, B. H. Hahn, and F. Wong-Staal. 1988. Biologically diverse molecular
variants within a single HIV-1 isolate. Nature 334:444-447.

Freed, E. O., D. J. Myers, and R. Risser. 1990. Characterization of the fusion
domain of the human immunodeficiency virus type 1 envelope glycoprotein
gp41. Proc. Natl. Acad. Sci. USA 87:4650-4654.

Fujita, K., J. Silver, and K. Peden. 1992. Changes in both gp120 and gp41
can account for increased growth potential and expanded host range of
human immunodeficiency virus type 1. J. Virol. 66:4445-4451.

Gallaher, W. R. 1987. Detection of a fusion peptide sequence in the trans-
membrane protein of human immunodeficiency virus. Cell 50:327-328.
Graham, F. L., and J. van der Eb. 1973. A new technique for the assay of
infectivity of human adenovirus 5 DNA. Virology 52:456-467.

Hwang, S. S., T. J. Boyle, H. K. Lyerly, and B. R. Cullen. 1992. Identification
of envelope V3 loop as the major determinant of CD4 neutralization sensi-
tivity of HIV-1. Science 257:535-537.

Kabat, D., S. L. Kozak, K. Wehrly, and B. Chesebro. 1994. Differences in
CD4 dependence for infectivity of laboratory-adapted and primary patient
isolates of human immunodeficiency virus type 1. J. Virol. 68:2570-2577.
Koyanagi, Y., S. Miles, R. T. Mitsuyasu, J. E. Merrill, H. V. Vinters, and
L S. Y. Chen. 1987. Dual infection of the central nervous system by AIDS
viruses with distinct cellular tropisms. Science 236:819-822.

Kozak, S. L., and D. Kabat. 1990. Ping-pong amplification of a retroviral
vector achieves high-level gene expression: human growth hormone produc-
tion. J. Virol. 64:3500-3508.

Kusumi, K., B. Conway, S. Cunningham, A. Berson, C. Evans, A. K. N.
Iversen, D. Colvin, M. Gallo, S. Coutre, E. G. Shpaer, D. V. Faulkner, A.
deRonde, S. Volkman, C. Williams, M. S. Hirsch, and J. I. Mullins. 1992.
Human immunodeficiency virus type 1 envelope gene structure and diversity
in vivo and after cocultivation in vitro. J. Virol. 66:875-885.

Laskey, L. A., G. Nakamura, D. H. Smith, C. Fennie, C. Shimasaki, E.
Patzer, P. Berman, T. Gregory, and D. J. Capon. 1987. Delineation of a
region of the human immunodeficiency virus type 1 gp120 glycoprotein
critical for interaction with the CD4 receptor. Cell 50:975-985.

Levy, J. A. 1994. HIV and the pathogenesis of AIDS, p. 87-116. ASM Press,
Washington, D.C.

Matthews, T. J., C. Wild, C.-H. Chen, D. P. Bolognesi, and M. L. Greenberg.
1994. Structural rearrangements in the transmembrane glycoprotein after
receptor binding. Immunol. Rev. 140:93-103.

McKeating, J. A., A. McKnight, and J. P. Moore. 1991. Differential loss of
envelope glycoprotein gp120 from virions of human immunodeficiency virus

36.

37.

38.

39.

40.

41.
. Olshevsky, U., E. Helseth, C. Furman, J. Li, W. Haseltine, and J. Sodroski.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

LABORATORY ADAPTATION OF HIV-1 881

type 1 isolates: effects on infectivity and neutralization. J. Virol. 65:852-860.

. Moore, J. P. 1995. Back to primary school. Nature 376:115.
35.

Moore, J. P., L. C. Burkly, R. I. Connor, Y. Cao, R. Tizard, D. D. Ho, and
R. A. Fisher. 1993. Adaptation of two primary human immunodeficiency
virus type 1 isolates to growth in transformed T cell lines correlates with
alterations in the responses of their envelope glycoproteins to soluble CD4.
AIDS Res. Hum. Retroviruses 9:529-539.

Moore, J. P., Y. Cao, L. Qing, Q. J. Sattentau, J. Pyati, R. Koduri, J.
Robinson, C. F. Barbas III, D. R. Burton, and D. D. Ho. 1995. Primary
isolates of human immunodeficiency virus type 1 are relatively resistant to
neutralization by monoclonal antibodies to gp120, and their neutralization is
not predicted by studies with monomeric gp120. J. Virol. 69:101-109.
Moore, J. P., J. A. McKeating, Y. Huang, A. Ashkenazi, and D. D. Ho. 1992.
Virions of primary human immunodeficiency virus type 1 isolates resistant to
soluble CD4 (sCD4) neutralization differ in sCD4 binding and glycoprotein
gp120 retention from sCD4-sensitive isolates. J. Virol. 66:235-243.

Moore, J. P., J. A. McKeating, W. A. Norton, and Q. J. Sattentau. 1991.
Direct measurement of soluble CD4 binding to human immunodeficiency
virus type 1 virions: gp120 dissociation and its implication for virus-cell
binding and fusion reactions and their neutralization by soluble CD4. J. Vi-
rol. 65:1133-1140.

Moore, J. P., J. A. McKeating, R. A. Weiss, and Q. J. Sattentau. 1990.
Dissociation of gp120 from HIV-1 virions induced by soluble CD4. Science
250:1139-1142.

Moses, A. V., F. E. Bloom, C. D. Pauza, and J. A. Nelson. 1993. Human
immunodeficiency virus infection of human brain capillary endothelial cells
occurs via a CD4/galactosylceramide-independent mechanism. Proc. Natl.
Acad. Sci. USA 90:10474-10478.

Nowak, R. 1992. Lab-bred HIV-1: is it relevant? J. NIH Res. 4:33-35.

1990. Identification of individual human immunodeficiency virus type 1
gp120 amino acids important for CD4 receptor binding. J. Virol. 64:5701—
5707.

Orloff, S. L., M. S. Kennedy, A. A. Belperron, P. J. Maddon, and J. S.
McDougal. 1993. Two mechanisms of soluble CD4 (sCD4)-mediated inhibi-
tion of human immunodeficiency virus type 1 (HIV-1) infectivity and their
relation to primary HIV-1 isolates with reduced sensitivity to sCD4. J. Virol.
76:1461-1471.

Peden, K., M. Emerman, and L. Montagnier. 1991. Changes in growth
properties on passage in tissue culture of viruses derived from infectious
molecular clones of HIV-1; o1, HIV-1y4,;, and HIV-1g, ;. Virology 185:661—
672.

Platt, E. J., N. Madani, S. L. Kozak, and D. Kabat. 1997. Infectious prop-
erties of human immunodeficiency virus type 1 mutants with distinct affinities
for the CD4 receptor. J. Virol. 71:883-890.

Poumbourios, P., W. El Ahmar, D. A. McPhee, and B. E. Kemp. 1995.
Determinants of human immunodeficiency virus type 1 envelope glycopro-
tein oligomeric structure. J. Virol. 69:1209-1218.

Sakai, K., S. Dewhurst, X. Ma, and D. J. Volsky. 1988. Differences in
cytopathogenicity and host cell range among infectious molecular clones of
human immunodeficiency virus type 1 simultaneously isolated from an indi-
vidual. J. Virol. 62:4078-4085.

Sattentau, Q. J. 1992. CD4 activation of HIV fusion. Int. J. Cell Cloning
10:323-332.

Sattentau, Q. J., and J. P. Moore. 1991. Conformational changes induced in
the human immunodeficiency virus envelope glycoprotein by soluble CD4
binding. J. Exp. Med. 174:407-415.

Sattentau, Q. J., J. P. Moore, F. Vignaux, F. Traincard, and P. Poignard.
1993. Conformational changes induced in the envelope glycoproteins of the
human and simian immunodeficiency viruses by soluble receptor binding.
J. Virol. 67:7383-7393.

Schmidtmayerova, H., B. Sherry, and M. Bukrinsky. 1996. Chemokines and
HIV replication. Nature 382:767.

Schuitemaker, H., M. Koot, N. A. Kootstra, M. Derksen, R. E. Y. deGoede,
R. P. vanSteenwijk, J. M. A. Lange, and M. Tersmette. 1992. Biological
phenotype of human immunodeficiency virus type 1 clones at different stages
of infection: progression of disease is associated with a shift from monocy-
totropic to T-cell-tropic virus populations. J. Virol. 66:1354-1360.

Sullivan, N., Y. Sun, J. Li, W. Hofmann, and J. Sodroski. 1995. Replicative
function and neutralization sensitivity of envelope glycoproteins from pri-
mary and T-cell line-passaged human immunodeficiency virus type 1 isolates.
J. Virol. 69:4413-4422.

Tateno, M., F. Gonzalez-Scarano, and J. A. Levy. 1989. Human immundefi-
ciency virus can infect CD4-negative human fibroblastoid cells. Proc. Natl.
Acad. Sci. USA 86:4287-4290.

Tersmette, M., R. E. Y. de Goede, B. J. M. Al, I. N. Winkel, R. A. Gruters,
H. T. Cuypers, H. G. Huisman, and F. Miedema. 1988. Differential syncyti-
um-inducing capacity of human immunodeficiency virus isolates: frequent
detection of syncytium-inducing isolates in patients with acquired immuno-
deficiency syndrome (AIDS) and AIDS-related complex. J. Virol. 62:2026—
2032.

Tersmette, M., R. A. Gruters, F. De Wolf, R. E. Y. de Goede, J. M. A. Lange,



882

57.

58.

59.

60.

KOZAK ET AL.

P. T. A. Schellekens, J. Goudsmit, J. G. Huisman, and F. Miedema. 1989.
Evidence for a role of virulent human immunodeficiency virus (HIV) vari-
ants in the pathogenesis of acquired immunodeficiency syndrome: studies on
sequential HIV isolates. J. Virol. 63:2118-2125.

Turner, S., R. Tizard, J. DeMarinis, R. B. Pepinsky, J. Zullo, R. Schooley,
and R. Fisher. 1992. Resistance of primary isolates of human immunodefi-
ciency virus type 1 to neutralization by soluble CD4 is not due to lower
affinity with the viral envelope glycoprotein gp120. Proc. Natl. Acad. Sci.
USA 89:1335-1339.

Valentin, A., J. Albert, E. M. Fenyo, and B. ;&sjﬁ. 1994. Dual tropism for
macrophages and lymphocytes is a common feature of primary human im-
munodeficiency virus type 1 and 2 isolates. J. Virol. 68:6684-6689.

Wild, C., J. W. Dubay, T. Greenwell, T. Baird, Jr., T. G. Oas, C. McDanal,
E. Hunter, and T. Matthews. 1994. Propensity for a leucine zipper-like
domain of human immunodeficiency virus type 1 gp4l to form oligomers
correlates with a role in virus-induced fusion rather than assembly of the
glycoprotein complex. Proc. Natl. Acad. Sci. USA 91:12676-12680.

Willey, R. L., M. A. Martin, and K. W. C. Peden. 1994. Increase in soluble
CD4 binding to and CD4-induced dissociation of gp120 from virions corre-
lates with infectivity of human immunodeficiency virus type 1. J. Virol.
68:1029-1039.

J. VIROL.

60a.Willey, R. L., and K. Peden. Unpublished results.

61.

62.

63.

64.

65.

Wolinsky, S. M., C. M. Wike, B. T. M. Korber, C. Hutto, W. P. Parks, L. L.
Rosenblum, K. J. Kuntsman, M. R. Furtado, and J. L. Munoz. 1992. Selec-
tive transmission of human immunodeficiency virus type-1 variants from
mothers to infants. Science 255:1134-1137.

Wrin, T., T. P. Loh, J. C. Vennari, H. Schuitemaker, and J. H. Nunberg.
1995. Adaptation to persistent growth in the H9 cell line renders a primary
isolate of human immunodeficiency virus type 1 sensitive to neutralization by
vaccine sera. J. Virol. 69:39-48.

Wrin, T., and J. H. Nunberg. 1994. HIV-IMN recombinant gp120 vaccine
serum, which fails to neutralize primary isolates of HIV-1, does not antag-
onize neutralization by antibodies from infected individuals. AIDS 8:1622—
1623.

Zhang, L. Q., P. MacKenzie, A. Cleland, E. C. Holmes, A. J. Leigh Brown,
and P. Simmonds. 1993. Selection of specific sequences in the external
envelope protein of human immunodeficiency virus type 1 upon primary
infection. J. Virol. 67:3345-3356.

Zhu, T., H. Mo, N. Wang, D. S. Nam, Y. Cao, R. A. Koup, and D. D. Ho. 1993.
Genotypic and phenotypic characterization of HIV-1 patients with primary
infection. Science 261:1179-1181.



